[ oo, B




r——

m" | O % B iz
— ‘o K]
=5
m” TR =
= lie
IL2s s s

MICROCOPY RESOLUTION TEST CHART
NATIONAL BURLAG OF STANDARDS 196- 4




o N »
|

| BT _FILE Copy

AGARD-AR-246
o~y
1)
(- 4
] <
| g
<
ADVISTHY GHOGD FOR A HOSPATE RESTARCH & DEVELOPMERT

AGARD Adyvisory Report No.246

Technical Evaluation Report
on the
Fluid Dynamics Panel Symposium on
Aerodynamics of Hypersonic Lifting

Vehicles DTIC

ELECTE
JUN O 3 1988

AD-A195 892

... DISTRIBUTION AND AVAILABILITY
| DISTRIBUTION STATLMiNI ~ - ON BACK COVER

. Approved for public 1elnar:

4 Distribution Unlimited 88 5 3 1 2 1 4
A




AGARD-AR-246

NORTH ATLANTIC TREATY ORGANIZATION
ADVISORY GROUP FOR AEROSPACE RESEARCH AND DEVELOPMENT

{(ORGANISATION DU TRAITE DE L'ATLANTIQUE NORD)

Advisory Report No.246
TECHNICAL EVALUATION REPORT
on the
FLUID DYNAMICS PANEL SYMPOSIUM
on
AERODYNAMICS OF HYPERSONIC LIFTING VEHICLES
by
S.M.Bogdonoff
Princeton University
School of Engineering and Applicd Sciences

Department of Mechanical and Acrospace Engincering
The Engincering Quadrangle. Princeton. New Jersey 08544

-
USA [ oTie
Edited by ooy
CaNepELTL
H.Hornung .
Graduate Acronautical Laboratories
California Institute of Technology (MS 105-50) e
Pasadcna. CA 91125 TAceevin o !
USA it e
P INTIS CRAKRS 1
and | DTIC Tad U ‘
R.E.Whitehead Unapnnn.cnd . I
Dircector, Mechanics Division (Code 1132) Li's”‘(— e o e
Office of Naval Research Tomm ot

800 N. Quincy Strect
Arlington. VA 22217

Ll

USA

This Advisory Report was produced at the request of the Fluid Dynamics Panel of AGARD.




THE MISSION OF AGARD

According to its Charter, the mission of AGARD is to bring together the leading personalities of the NATO nations in
the fields of science and technology relating to aerospace for the following purposes:

— Recommending effeciive ways for the member nations to use their research and development capabilities for the
common benefit of the NATO community;

— Providing scientific and technical advice and assistance to the Military Committee in the field of acrospace rescarch
and development (with particular regard to its military application},

— Continuously stimulating advances in the aerospace sciences relevant to strengthening the common defence posture;
— Improving the co-operation among member nations in aerospace research and development;

— Exchange of scientific and technical information;

— Providing assistance to member nations for the purpose of increasing their scientific and technical potential;

— Rendering scientific and technical assistance, as requested, to other NATO bodies and to member nations in
connection with research and development problems in the acrospace field.

The highest authority within AGARD is the National Delegates Board consisting of officially appointed senior
representatives from each member nation. The mission of AGARD is carried out through the Panels which are composed of
experts appointed by the National Delegates. the Consultant and Exchange Programme and the Aerospace Applications
Studies Programme. The results of AGARD work are reported to the member nations and the NATO Authorities through
the AGARD series of publications of which this is one.

Participation in AGARD activities is by invitation only and is normaily limited to citizens of the NATO nations.

The content of this publication has been reproduced
directly from material supplied by AGARD or the author.

Published April 1988

Copyright © AGARD 1988
All Rights Reserved

ISBN 92-835-0453-4

Printed by Specialised I;rinling Services Limited
40 Chigwell Lane, Loughton, Essex 1GG 10 3TZ




ABSTRACT

This report reviews and evaluates the Fluid Dynamics Panel AGARD Symposium catitled "Aerodynamics of Hypersonic
Lifting Vehicles™ held 6—9 April, 1987 in Bristol, UK. The purpose of the Symposium was to assess the technology status in the
field of hypersonics after a comparative lull in the past decade. The author addresses cach of the papers separately and makes
general comments o the S major topic sessions. The limitations of iest facilities for experimental studies at high Mach numbers
were clearly evident. New developments in computational fluid dynamics provide possibilities that did not exist in the past. The
reviewer stressed the areas that need special emphasis in the future. The papers presented at the Symposium are published in
AGARD Conference Proceedings CP-429 and are listed in an Appendix to this report.
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RESUME

Le présent rapport passe en revue et évalue le symposium AGARD organisé par le Panel de Dynamique des fluides. du
6 au 9 avril 1987 a Bristol en Grande Bretagne sur le theme "L’ Aérodynamique des véhicules sustentés hypersoniques™
L objet du symposium a ét¢ d'évaluer 'état de Fart dans Ie domaine de I'hypersonique. apres Vaccalmie relative de cette
derniere décennie. Lauteur traite chaque présentation séparément. en faisant des commentaires sur les cing grands themes
de discussion. Les limitations des moyens d'essai 8 mach clevé prévus pour les études expérimentales sont clairement
démontrées. Les récents développements dans le domaine du caleul en dynamiqgue de fluides ont crée de nouvelles
possibilités. Le rapporteur met I'accent sur les domaines qui mériteraient une attention particulicre a 'avenir. Les
présentations donndes lors du symposium sont publices au Compte-rendu de conférence CP-429 et elles sont éualement
mentionndes en anfiexe au present rapport.
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6uth MEETING OF THE FLUID DYNAMICS PANEL SYMPOSTUM
UN AERODYNAMICS OF HYPERSONIC LIFTING VEHICLES:
TECHNICA] EVALUATION REPORT

by
Sevmour M, Bogdonoff

Princeton University
Department of Mechanical and Ae:ospace Engineering
Gas Dynamics laboratory
Princeton, NJ 08544 USA

Summary

"Aerodynumics of  Hypersonic iofting Bodies' was the topic
of the 60th Meeting of the Fluid Dynamics Panel of AGARD, held
in Bristol, U.K. in April 1987. The status of work on hyper
sonics was revealed bv the many good papers on high speed
gerodynamics, but only a very limited contribution to key dareas

of hypersonic flight. The limitations of facilities fo
experimental studies at high Mach numbers and the emphasis on
computation versus analysis wuas very noticeable, The Reviewer

summarizes the papers, comments on the overall program, and
makes some suggestions for further conterences in the area of
Hypersonic Aervodynamics.

1. INTRODUCTION

The 60th Mecting of the Fluid Dynamics Panel was held from the 6th to the 9th of April, 1987, in
Bristol, U.K. The main topic was a major svmposium on the “Acvodviimics of  Hypersonic Lifting
Vehicles,” which took place in the facilities of Bristol University. The propram committeo,
Appendis A, developed the following theme:

“Through the post Aponllo reduction of the space offort in
the USA and most other western countries, the subject of
hypersonic aerodynamics has been neglected in favor of more
pressing needs in areas like transonic gerodynamics., New
developments on both sides of the Atlantic place both the
facilities and the qualified personnel for hypersonics in verv

strong demand again. This is mainly because  of the renewed
strong interest in space applications such as space stations,
atmospheric  hraking, reecnt ry vehicles, transatmospheric

aircraft, etc.

This meeting will review the work  of those centres that
remained active in the quiet years of hypersopnics, and wilt
discuss the new scope of applications. In particular, the
topics of the meeting will include simulation methods, measure
ment techniques, lifting body aerndynamics, control surfaces,
plume flows, propulsion devices, missiles, and vortex forma-
tion. The high supersonic speeds down to Mach numbers of 3 and
the transitional regimes hetween continuum and free molecule
flow will also be included.”

The svmposium covered four days, including a half day of tours at either the Roll=s Roves or
British Aerospace Facilities located near Bristol. The Symposium was organized covering five major
topics:

Session 1 - Facilities

Session TI - Experimental Investigations and Techniques
Session ITT Propulsion

Session IV - Computational Fluid Dynamics (CFD)

Session V Vehicles/Design

The full program is given in Appendix B (Paper #13 was unfortunately withdrawn). The Propulsion
Session was quite brief with only four scheduled papers (including the one which was withdrawn:.
The Computational Fluid Dynamics Session was divided into two parts: the first focused on viscous
flows, the second on inviscid flows. The session on Vehicles/Design was also given in two parts:
the first concerning waveriders and flight mechanics, while the second part presented the data base
established by the groups at Wright-Field in the USA, British Aerospace in Bristol, U.K., and RAE at
Bedford, U.K., as well as two presentations on major current projects, Hermes, AMD -BA, St. Cloud,
France and HOTOL, British Aerospace PLC, Bristol, U.K.

2. GENERAL COMMENTS

The planning and organization of the meeting was verv well undertaken. The timing of the
meeting was particularly appropriate and, to the author's knowledge, was the first time in manv
years that AGARD has had a mecting devoted to the topic of hypersonics. The attendecs covered a
wide range of background, experience, and age. There was a small group, generally physically
defined as "white-hair or no-hair”, who had worked on the programs of hypersonics during the 1950°s
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and 60's, There was a much smaller group of people who have worked on hypersounics during the last
fifteen years. There was a signilicant group of younger people who are now deeply invalved in
hypersonics, but have had only limited exposure time and, in some cases, not a very good knowledge
of what had taken place in the major programs of the past. The Symposium provided an excellent
vehicle for "mixing" of the attendees. The program, as defined bv the "Thewe" of the meeting, was
very well organized, but showed a  clear influence  of the significant hiatus  of researck  in this
field over the past fifteen vears. There were many excellent papers in the high speed aerodynamics
area, but rauther limited contributions which were focused on key problems of hypersonic flight.  The
limitations of facilities for experimental data at high Mach numbers and the emphasis on computation
versus analysis was quite striking.

In the following sections, brief comments about the papers in each session are presented,
followed by some general observations. The Technical Evaluation Report continues with conclusions
drawn by the reviewer, including comments on the need for a hypersonic "overview."

3. SYNOPSTS OF THE PAPERS

3.1 Session I - Facilities

The four papers in this Session were primarily concerned with discussion of hypersonic fr -
ities. The first two papers were surveys of the facilities in North America and in Europe.
last two papers were concerned with two specific facilities.

PAPER 1. WITLIFF surveyed the current state of hypersonic wind tunnels in North America and
outlined their general performance characteristics. The current capability was compared to Chat
available in the 1960°s and 70's. Most of the facilities were located in the United States with one
facility, a gun tunnel, located in Canada {re activated after some years of non-use). The decline
in the capability was very significant. Two areas were particularly singled out as weak: a) high
enthalpy facilities, primarily for the study of real gas effects, and b} high Mach number, low
density facilities aimed at the p oblems of the high altitude flight regime. Th~ typic~1 charts of
Mach number +s. Reyiolds pumber, and velocity vs. altitude for possible vehicle flight paths were
shown and compared to the available capacity to demonstrate th. clear lack of ability to duplicate
significant regions of hypersonic flight.

PAPER 2. WENDT presented a review of the facilities available in Western Furope. He started
with a review of the requirements, which was an important contribution to the perspective of the
meet ing, and then went on to discuss the present situation, the gaps, and some suggestions for
future facility development. Wendt pointed out that, in the Mach number 6-12 range, Mach number-

Reynolds simulation 1is probably adequate. Tn the hypervelocity region, real gases are important,
and chemical reactions become a key factor. This requires the duplication of the dimensional
variables of density times length and velocity. In the rarefied regime, the effects of mean free
path become important. He alse noted the ef{fect of wall temperature to freestream femperature

ratio, which has an important effect on bhoundary layer thickness and the state of the boundary
layer. He referred also to requirements, that were detailed more than a decade ago, which have not
been satisfied by the work over the past decade. He pointed out the deficivncies 1in the capabili
ties at Mach numbers above 10, particularly the velocity enthalpy limitations of current facilities
and the need for "quiet” facilities for boundary layer studies.

PAPER 3. CONSIGNY, PACOU, PAPIRNYK and CHEVALIER discussed the reconstruction of the arc heater
for a hypersonic tunnel designated as R6CH. This tunnel, which was operational many vears ago, has
been shut down for some time. The detailed re-design of a new heater, which would proviie a
significant capability at high Mach numbers and high enthalpy, was discussed. The operating
characteristics of this tunnel and the requirements for the flight of several vehicles, particularly
Hermes, show that some significant part of the flight path c¢an be duplicated by the proposed
facility in the Mach number range of about 12 to 20. This tunnel, which is designed to operate up
to 50 bars, would operate at a level of about 50 megawatts and would provide test times of scveral
seconds, a set of characteristics which would enable a significant contribution to the data base for
hypersonic flight. A new heater will probably generate a considerably enhanced flow quality as
compared tn the heaters of the past, but the flowfield details have to be examined with great care
to assure that this flow quality is well defined.

PAPER 4. STALKFR discussed his extensive work in the application of the free piston shock tunnel
in simulation of real gas elfects for hypersonic flight. He emphasized the simulation of stagnation
enthalpy and the binary scaling parameter. Based on his extensive experience, he discussed the free
piston reflected shock tunnel and the limitation of this facility’s testing time with enthalpy
increase. He then presented some exploratory data. He showed how to aveid the limiting radiation
loss by considering a non reflecting mode which allows higher values of the binary scaling parometer
but at the cost of considerably reduced test time. The non-reflecting mode, with prior steady
flow developed, opens new possibilities for obtaining data in an area not here-to fore explored. He
gave several examples of data obtained in this region, and also discussed a method of simulating the
combustion process by a variation of the free piston shock tunnel.

General Comments on Session I

Although Papers 1 and 2 gave some general review of the requirements for hypersonic flight, the
discussions were primarily concerned with full simulation of flight conditions. Paper 4 had a
somewhat more limited view, but none of the papers considered the partial simulation with high
resolution which is required for CFD validation and for fundamental understanding of the physics of

the flows. There was also no discussion of the connecltion of facility testing to nctual flight
conditions. This is a major gap in the discussion of facilities for the new emphasis on hypersonic
research, There is a critical need for the detailed flight results to check the validation of

facilities. Although this has been done to some degree for blunt bodies, the Mach number - Reynolds




number - stagnation enthalpy simulation for "hypersonic aerodynamics" is far from adequate.
Conditions of the boundarv layer and wall cooling, with teal gases, are areas in which the data is
very sparse or not available at all. The need for this simulation was a major lack in the facilities
discussion.

3.2 Session_II - Experimental Investigations and Techniques

This Session consisted of ceven papers primarily concerned with aerodynamic studies and covering
a range of Mach numbers as low as 2.4, with some results at Mach (0. Several of the papers were
primarily "technique" oriented, while others present significant data sets. Unfortunately, several
of the papers are at low enough Mach numbers that there is some question as to whether hypersonic
effects are important. The two last papers considered low density problems in the Mach number of
10-20 range.

PAPER 5. OWEN gave an excellent discussion of the techniques required to carry out turbulence
studies in continuous tunnels in the Mach 6 range. He used hot-wires of both the constant current
and constant temperature type, and compared the results with LDV studies with significant discus-
sions about particle paths and particle generation. The emphasis of the paper fras on the require-
ments that must be satisfied to get good data in this crucial area. The paper presents probably the
only discussion of this problem at a Mach number as high as 6, and included discussion of the data
acquisition system and data reduction techniques. Tt also provided a comparison of data obtained in
the NASA Ames facilities at Mach 7 with the primary results of the paper obtained at the AFWAL
tunnel at Mach 6.

PAPER 6. The paper by HUMMEL was presented by HORNUNG. Tt consisted of a summary of an
extensive series of tests being carried out in the hypersonic gun tunnel by the Braunschweg group.
The tunnel has been in operation since the mid-60’s and the current paper considered two key
geometries: a blunt body with subsonic hlowing at the stagpation point, and the flow in a corner of
variable angie formed by plates with various sweep angles. The extensive data included pitot
surveys, wall pressure distributions, wall heat transfers, and wall flow direction from surface
visualization. The paper presents an excellent data set which was crmpared with computations for
the blunt configuration and used to construct a proposcd flow structure of the corner configuration.

PAPER 7. DOLLING and NARLO presented an excellent paper on a unique parameter not discussed by
any other paper in the Symposium. It considered the unsteady phenomena; the shock boundary layer
interaction at a Mach number of 5. Using a cylinder mounted vertical to a wall, the interaction of
the shock structure and the turbulent boundary layer was studied by extensive high frequency wali
pressure measurements and detailed analysis. Particular emphasis was placed on the algorithms used
in the data reduction and the paper proposes a general model of the interaction to explain the low
frequency unsteadiness of the phenomena.

PAPER 8. FOMISON and STOLLERY presented a study of a glancing shock wave turbulent boundary
layer interaction. Detailed wall pressure distributions and surface flow visualization were used to
construct possible flowfield structures and streamline patterns. The effect of sweep and bluntness
on the extent of the disturbed flow and the pressure levels were examined ir detail. The entire
study was carried out at a Mach number of 2.4.

PAPER 9. JAEGGY, KOENEKF and KOERBER described the development of a new ultra high speed flow
visualization technique which was originally developed for the study of transition of hypersonic
wakes. The current extension of the technigue permits a repetition rate which can be used for
extensive studies of time histories, as well as holographic techniques. Some excellent examples of
the capability of the system were demonstrated.

PAPER 10. RHYS- JONES presented a significant data set on a series of tests of cones at a Mach
number of about 10 in the RAE low density tunnel. The tunnel uses pure nitrogen as a test gas. The
tests were very carefully carried out to obtain results of sufficient accuracy to permit correla-
tions to be evaluated. It provides an excellent set of data in the rarefied region, where Knudsen
numbers are important, and provided the data base for a subsequent paper, number 19, with regards to
computation.

PAPER 11. KOPPENWALLNER discussed a series of tests in the low density regime at Mach numbers
of 7 and 20 in the DFVLR hypersonic vacuum tunnel, V1G, and in the Ludwieg tube tunnel at Gottingen,
for somewhat higher Reynolds numbers at Mach numbers of about 7 and 10. The paper explains the
problem of determining the pitching moment of vehicles in the transitional range. It used the
shuttle results and a series of cone studies to show the center of pressure forward shift was not
due to chemical reactions, but rather to the combination of free molecular and continuum flows over
different parts of the body. The paper provided an excellent framework to show that studies in the
transitional region are not necessarily approximated by looking at the results in either the free
molecular or the continuum regime.

General Comments on Session II

Several of the papers did not consider problems of hypcrazonic aciudyusamics. Studies of Mach
number of 2.4, without any reference to Mach number effects, although useful in general aerodynamic
studies, were not particularly pertinent to the hypersonic problem. All of the aerodynamic studies
at high Mach numbers were purely aerodynamic, and did not include any effects of chemistry or even
suggested what the effects of chemistry might be. The studies of turbulence at high Mach numbers is
an important one because of the requirements for turbulence modeling, primarily for computation, and
the results presented are the highest Mach number results known to this author. However, the
effects of chemistry on this phenomena are totally unknown, and the problems of extending the
modeling to higher Mach numbers is in serious question. The new techniques in optics were impres-
sive, but the optical studies must be combined with other measurements if one is going to supply the
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detailed information for modeling the physics and for CFD validation. The unsteady character of
turbulent boundary layer interactions, at a Mach number of 5, was a unique contribution, but the
questions as to how this might be applied in the hypersonic regime is still an open question. It is
a good lead into what should be done with all studies of turbulent boundary layers. The two papers
on low density studies provided valuable insights into the problems of low density flows. However,
the Reviewer believes that low density studies at low Mach numbers are not particularly appropriate,
since all of the flight paths which are being considered have very high Mach numbers in the low
density regime. The aerodynamic studies of the present investigations are good initial studies, but
must be considered in the light of chemistry which takes place at the real enthalpys of high Mach
number flight.

3.3 Session III - Propulsion

The papers in this Session were concerned with a limited view of hypersonic propulsion,
probably because of the AGARD classical division of Aerodynamics-Propulsion. Unfortunately, Paper
13 was withdrawn. The three papers presented covered widely different areas; an historical prospec-
tive of ramjets, a mixing problem, and CFD studies of inlets.

PAPER 12. WALTRUP gave an excellent historical prospective of the subsonic combustion ramjet
and its limitations at low speed (no thrust), and at high speed, poor performance above about Mach
number of 6 (inlet performance and chemical kinetics). With supersonic combustion the high speed
end of the performance can be enhanced and the addition of an ejector-ramjet is a possible solution
to the low speed problem. Mr. Waltrup’s discussion was limited to a Mach number of 3 to 6-7 range
and he noted that computations were of some help for the inlet and nozzle flows, but could not
handle the shock "isoiation" section nor the combustion region and there was little data available.
He particularly stressed the reed for turbulence information for the supersonic and hypersonic
flight condition, pointing out the particular importance in the effects on wall shear, heat trans-
fer, boundary layer characteristics, fuel injection modes, and chemical kinetics. He stressed the
engineering design data base requirements for the very low speed problem associated with take-off
and for flight above Mach number of B where the data base is very sparse, or non-existent.

PAPER 13. The paper by EDWARDS, SMITH and CARNEGIE was unfortunately not presented nor was a
copy of the paper available.

PAPER 14. SCHADOW, GUTMARK and KOSHIGOE presented a very interesting paper on the fundamental
fluid mechanics of elliptic Jjets versus axially symmetric jets with particular emphasis on the
mixing characteristics. Analyzing results at Mach numbers of 0.15, 1, and 1.3, Schadow et al.,
noted the enhanced growth mechanism of the elliptic jet. For supersonic underexpanded flow, they
also noted that the three-dimensional shock structure was probably part of the mechanism enhancing
mixing. They proposed that, linear stability analysis to the contrary, the elliptic jet provided a
mechanism for enhanced mixing at higher Mach numbers. Unfortunately, the support for this statement
was not available in the form of experimental data at higher Mach numbers.

PAPER 15. KUMAR presented statc-of-the-art computations on supercomputers of complex geometry
inlets in the high supersonic range (Mach number 4-7). He presented results of parametric studies
using quasi three-dimensional applications of two-dimensional codes, and then a complete three-

dimensional study of a specific two-strut scramjet inlet of fixed geometry. The calculations
included an assumed algebraic turbulence model and "verification” of the computation ~ere based on
comparisons with limited pressure distributions. The experiments used for verifi.dlion were all

limited to Mach numbers of less than 7.

General Comments on Session [II

The papers of this Session were primarily focused on what the present reviewer considers the
supersonic regime. There was little emphasis or prospective on the problems of propulsion at high
Mach numbers. The special problems of high Mach number flight including inlet geometries, boundary
layer characteristics, mixing, and chemical kinetics were not covered, nor was there much in the way
of projections from the present "low Mach number” results. Separation of propulsion and aerodyna-
mics is not possible at high Mach numbers because of the requirements for integrated design. The
inlet can not be considered as an entity since most of the forebody of the vehicle is part of
the inlet. The inlet requires an integration of the aerodynamic forebody design to give the
conditions at the beginning of the inlet. At the same time, if air breathing propulsion is to be
considered as part of hypersonic flight, the propulsion system has such a large influence on the
aerodynamic design that it probably has to be considered in the initial aerodynamic design and as an
integrated part of the overall design.

3.4 Session IV - CFD Part 1 - Viscous Flows

The importance of CFD and the many different approaches being developed for hypersonic
aerodynamics was the major focus of Sessions IV and V. The papers grouped in Session IV are
primarily concerned with viscous computations, with the inviscid computations grouped in Session V.
There are, however, several papers which consider both approaches. The papers in Session IV
demonstrated the wide variety of appreaches and rhilesnphy covering current geid genciation proce-
dures, finite volume, space marching as compared to time marching, real gas effects on laminar
flows, full 3-D hypersonic developments, and a comparison of inviscid versus viscous computations.
Almost all of the computations were compared to some sort of experiments, primarily pressure
distributions, but including some heat transfer data.

PAPER 16. RIZK, CHAUSSEE and STEGER considered an efficient numerical hyperbolic grid gener-
ation scheme applied to a three -dimensional lifting configuration. They used the Reynolds averaged
Navier-Stokes equations integrated through a time dependent factored procedure. Results were
compared to the windward side pressure measurements on the shuttle ot a Mach number of 7.9 at an
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angle of attack of 25°. Another set of calculations were carried out on a wing-body combination at
a Mach number of 25 and an angle of attack of 5°, using a perfect gas with a gamma of 1.2 to
simulate the real gas at the high Mach numbers. Although they showed that their code was robust,
the comparison with the data available was not extensive, with the usuanl check between the measured
and predicted pressure distributions being quite reasonable. However, critical measurements of heat
transfer were not available for detailed comparison for the shuttle, and no data is available for
the wing body computations that were made.

PAPER 17. RIEGER used a somewhat different approach by looking at the ideal gas laminar
boundary layer using a space marching technique in the viscid and inviscid PMS and Euler codes.
Good agreement was again found with the pressure distributions on a hypersonic compression ramp at
Mach number 14 and in the supersonic conditions of a half angle cone at high incidence at a Mach
number of 8.

PAPER 18. AUPOIX, ELDEM and COUSTEIX presented an excellent paper on a very well defined
problem of hypersonics, the sensitivity of hypersonic boundary layer calculations to assumptions of
the real gas effects. They examined the sensitivities of important parameters to real gas model
ling. They used first order boundary layer equations with the pressure distributions given by
Newtonian flow. They calculated the windward side of a hyperboloid body of revolution, examining
the Mach number range from about 9 to 28, simulating part of the re-entry phase of a space shuttle.
They found that the wall temperature effects were more important as the wall enthalpy 1ncreased and
were more important for noncatalytic walls vs. catalytic walls. They were also more important at
the end of the re-entry corridor, that is, at low velocity, than they were at high. They presented
very convincing computations of the effect of catalytic vs. noncatalytic walls for different species
modeling, and also demonstrated the effect of the conditions of the stagnation point with dif
ferent Lewis and Prandtl number assumptions. The results showed the sensitivity to the physical
phenomena and a lack of sensitivity to some of the chemistry modelling and to the values of Schmidt
and Prandtl numbers that were assumed.

PAPER 19. RIEDELBAUCH, WETZEL, KORDULLA and OERTEL presented a very well developed and method-
ical approach to the development of computational tools for 3-D hypersonic flow problems. The:r
approach covered both the continuum region using the Navier-Stokes equation (integrated, time-
dependent), while the low density flow problem was simulated by approximations to the Boltzman
equation. Their approach was to use ideal gas initially., adding real gas effects later in the
development. Of particular interest was the Direct Simulation Monte Carlo method whicbh they
preferred to the Molecular-Dynamics approach because of its computational efficiency. Several
examples were given for *ypical blunt nose configurations for the continuum solutions and the flow
around a circular cylinder for the low density calculations. The low density calculations were
then extended to a typical blunt nose configuration. They stressed the need fcr experimental data,
particularly at high Mach numbers, for validrtion of the future computational approaches which will
add real gas effects.

FATeh 23, Nine aund KivHAKRD carried out a very interesting set of numerical experiments of the
hypersonic flow beneath a cone delta wing combination. They solved the compressible Navier-Stokes
equation using very fine grids and an assumption of "local conicity”, an assumption which has vet to
be validated for high supersonic and hypersonic conditions. Again, the computations, when compared
to experimental pressure distributions, appeared tu be quite good, but the accuracy of the heat

transfer calculations were not as good and becam worse with increasing angle of attack. The
authors showed a very interesting comparison between their viscous calculations and the result of an
Fuiler computation fo: the same configuration. Although the authors nnted the miite different

flowfield characteristics for the viscous flow as compared to the inviscid flow, they made no
attempt to determine the sensitivity of the flowfield to the viscous modelling assumptions inherent
in the Navier-Stokes solutions, simply stating that the effects were due to viscous effects.

General Comments on Session IV - Part 1

The papers in this Session demonstrated the power of CFD, but spotlighted th~ limitations which
are primarily concerned with viscous modelling and real gas effects. The experiments required to
validate the computations are clearly not available. Pressure distributions are not critical tests
since all computations appear to give good results in this area. The lack of detailed heat trans-
fer, skin friction, and flowfield details 1limits the ability to critically evaluate the computa-
tions. Even laminar computations are not adequately validated on the basis of current experiments.

3.5 Session IV - Part 2 - Inviscid Flows

Part II of the CFB Inviscid Flow Session consisted of four papers. The first three were
primarily concerned with the Euler equations, in either approximate or full form, and methods
including real gas effects and the evaluation of these effects vis-a-vis the perfect gas approxima-
tion. The last paper was much broader than the Session title implied, and covered a review of
the NASA-Ames work on aerothermodynamic research covering both a description of the facilities and a
brief outline of the many research programs which have been underway for many years.

PAPER 21. DAVIS and BLOTTNER presented a verv ‘rirresting paper on their aitempts to obtain an
appro .imate solution of the Euler equations for particular application to the hypersonic flow over a
blunt body. They used a spatial marching scheme and the Vigneron pressure gradient approximation in
the momentum equation in the direction along the body surface. They compared their results to the
complete Navier-Stokes solution and found reasonable agreement. Their approximation solution, when
completed, should be much faster than the usual time-dependent code solution.

PAPER 22. PFITZNER and WEILAND discussed their three-dimensional Euler solutions for hypersonic
speeds, covering the range from Mach number 4 to 30. They worked with both the steady and unsteady
Euler equation and their formulation used a fitted bow shock, but they captured the imbedded shocks.

Y
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They included real gas effects through equilibrium chemistry and the calculations are Lhimited to the

continuum regime. A calculation using 1deal gases, with gammas of 1.3 and 1.2, were compared to
real gas calculations using the “"effective gamma" technique for the solution of  the full equitions
of a blunted cone at about Mach number of 15. They used a  generalized cquation  of =tate and

temperature dependent specific heats. At low Mach numbers of 3 to 6, they found no  teal gus
effects. At very high Mach numbers, they found that the pressure at the stagmation pornt was nit
affected by the different approximations, but the pressures back on the model  the blunted cone
were off by as much as 50% from the equilibrium calculations when calculated using an "effect e
gamma" model. Their calculations seemed to indicate that this technique cannot  be used  when there
are strong gradients. The stagnation temperature was overestimated by 130% using 1deal pas assump
tions.

PAPER 23. HILLIER discussed his computation of flow past conical hypersonic  wings usiop a
second-order Gudonov method. Unfortunately, no copyv of the paper was avatlable for detarled tovion.
He applied the Euler equation to steady conical flows and applied his solution to a flat delta ot o
Mach number of about 3.5. Although the calculations were carried out using the Euler equation, ot
should be noted that all such Euler calculations include a "numerical viscosiiv’ whiohodevetops
pseudo boundary layer in supposedly inviscid calculations.

PAPER 24. DEIWERT presented a generat review of gerothermodvoamices research U NASA Ames. Thoe
program, which has been underway for many years, i1s of significant magnifude and covers 1 advanod
mission and concept studies, 2. computational dcrothermodvriamic flowfield code development

thermochemical non-equilibrium reacting gas models, and 37 code vilodation  experimenis This
latter area covered the major shock tubes, ballistic ranges, and o 2.5 1t hypersonic wind tunmeld

which has, in recent years, been bLrought back iuto aperation. The  advanced missien and concep!
studies particularly focussed on the potential  of aero assisted  technology tor enbaneing cebata!
operations in planetary missions by using the aecrodvnamic forces produced by proazaing passes thr oaph
the upper atmosphere.  Discussions of acrobreaking ATV <, hogh TrEt AOTV s, el ar breathang TAVH
were all included.  The extensive  program an computational acrothermodvnomic s hias - o entoaoes o
solution of the compressihle  Navier Stokes equations, the parabolized Navier Stokes cquatirons, o
Euler, boundary laver, and viscous shock layer approximations. For  thee very hapgh Mach nombae
applications which are Ames main thrust, teal gas offects, which oo bade thermo chems ool non
equilibrium, and radiative transport, ave important parameters, Outines of  the methods  used anet
applicat ions were detailed. Thetr work  on non equilibriam chemostoy and mpit ot ot L hemg et
is a sigmficant element for very high speed tlight problems.  The descraiption of  the ogpetiment
program and the facilities incladed o brief discussion of o new flipght experomont cailed the AbE
Aero assist Flight Fuperiment, which 1s planned to probe nigh altitude,  hiph velocity thermochem
teally non equrlibhrum  conditions. This experament,  an the vieinity of 10 kylometera por e
will provide new data in a regron where such data i1s verv sparse.

)

General Comments on Session IV rrart 2

Computations using the Fulvr  caquations should be noted, agaen, as ot besag Yruis anviss aod

"Nume:s1eal viscosity” is an inherent clement ot such calculation and  the of foots ot tho v a1t
1s vt ciearly defined. The inclusion of real gas offects, through several approsimate oo b
shows significant effects in many . ases at high Mach pnumber. The use of  the Fuler  caunstioas 7oy
been driven by the fact that they are much faster than solutions of the Navier Stakes cguat oons . ool
the use of approximate Fuler solutions are even faster set. Design onformat von trom such caloula
tions appear to be beyvond the abilities of  these technigues, The  magor proproms ot NASA A

provide a wide range of important studies for hvpersonic flight.

3.6 Sessivn Vo Vehicles Design  Part 1 Wave Riders and Flight Mechanicos

The five papers of this Session  included three  concerned with  wave 1ades froor Porman e, The e
vehicles capture  the how shock as part of the geometry to yucrease the Titt cocffictent tor a g
LD, The last two papers were concorned  with the  dyvnoamies and  conteal o0 Clin acoal Iy wvmmet
geometries. It should alsc be noted that the last three papets of this session use apptovima' s
methods of computation, such as the integral boundary laver or Newtonvan approvimat gon, s compared
to the Navier-Stokes and Euler solutions of earlier sessions.

PAPER 25. GANZER  and SZODRUCH presented a very intercsting paper concentrating on the vortes
formation of delta, double delta and wave rider configurations. Unfortunately, the study wis
limited to  supersonic speeds.  The extensive experimental program was an e ctoension of ¢ boecie =ty
of vortical flows on delta wings, with the experiments being carried out at Cranfield, Cambridee,

and  NASA Ames. The studies  included many surface flow visualization and quatitative flowtold
studies by vapor screen/laser techniques. The authors proposed a  very detailed « lassification of
the flows on the basis of "separation” patteins from the surface visualization. The sorface vl

ization patterns has somewhat limited physical rationale, in the Reviewer's opinion, because of lack
of understanding of the sensitivity of the technique and the lack of information on the stability of
the vortical flows which are generated. There are also questions of Reynolds number effects and
leading edge details, but (he paper ciearly presented an overall view of the complexity of the
flowfields generated by such bodies.

PAPER 26. LONG considered a very important parameter of hypersonic wave tviders which poten
tially has significant applications to hypersonic flight, Aerothermodvnamic heating, propulsion
integration, and off -design performance have not been investigated in any great  depth. Tong
concentrated on the off-design performance, using two generic wave riders, the Rasmussen and
Lockheed flat bottom configurations. His calculations used nonlinear inviscid Fuler equations, an
extension of some original work of Jameson, aid hie made detailed comparison bhetween the computations
and the experiments. His computations predicted 1ift drag rvatio, pitching moment, and «urtaoe
static pressure distributions. He hopes to include the effects of acrothermodynamic heating,
skin friction, and displaccment thickness by extending the code to solve the Revnolds averaged
Navier-Stokes equation, with future extensions to real gas inclusion.




PARPFR T ABOWCUTT  and ANDFRSON lescpabed therr computat cons of conneal flom wave rrders whieh
inc luden viscous effects.  Previous work on wiave  rrders have  been hased  on nviesoed oo ulat yons,
whith were  subscquent iy voriected  for skin friction «ffects. By ancluding the viscous effocts n
the design procedure, using a non Lhinear simples optimization  technique, the  authors have computed
pet Formane e that  excecds previous studies and  cesultod on quite i fferent shapes. They Jot oposad
that an optimum vehicle would have half viscous drag and half pressute drag. Tt was noted that tho.
details of  the viscous effects, for example, ty quitton or the distribution of chear stroaces oyver
the surtace, can have a sigmificant  effect on the geometry  of the  configurat tons obitained 1t
the cnsuwing discussions of was noted that the proccdure, as descrched, daces not gove the 7ot g
shape. The caleulations cleat Iy show the  significant  eftfect  of  the  vrscons of

fcts thal wers

the Luded .

PAPER B, FAST and HUTT compared woverat somplifred prodoctvon methods with come o vper iment <
hypersonte statie and dvnamic stabality of asxisymmet cie shapes. The caloul st tons were 1000 oy

Newtonran flow. The farst, the classieal Newtonran impact theorv, the oocoml the "ombe e f Nowt
b flow, whivh takes woto aocornt the preduced dvnamic pressares  and Tow  specd flow tothe 1o
freld downedream  of strany shooh wives, aed thard, the rmbedded Newtonian Buaoceann oomge .
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b obonvor D transetion, separation, and ventjoal flows. Thee e ot vinbeedded Nt oy

RBusemann oty s pot secm wig ey acbod oo bopbt ot Pl present stastres, althoughs of shoaid bt
tho the mperament e e nt rel b oue by Tow Mach bt besierome nte e The Boaphe Mol numle r g

sr- o by et coabuate whether the present o view can heoestennded,
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<table, controlled,  and trimmed, Many  of thetr contiguration studies, which 1o luded wind tunnel
tests, also were the subject of totensies computation. The  computational offorte  spannod the full
range from  Supersonic Hypersonre Arbeto vy Pody Program 0SS HABE S, PANAIR o higher oder paneling
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sepatated flows), PNS found to produce most of the essential design informat ion at about 1 Ath the
cast of  Navier Stohes sobitrons,  bat it counld ot compute time dependent phenomena nor configura
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tions with any significant separation'. Becnuse of  the speed  and simplicity  of PNS,  the authors
suggested it would probably be the first to contain real gas capability. Finally, Navier-Stokes
solutions {which is the limit of a ma:roscopic representation of the continuum flow}. Navier Stokes
caleulations are limited by efficiency, but so far as the authors of this paper were concerned, they
found no limit to the ability of Navier Stokes to duplicate experiments, except  in the transition
and turbulent boundary layer regime. The authors also defined a set of challenges which they felt
were the important areas for future tescarch.

PAPER 31, FISHER described the experiences using the Douglas Supersonic/Hypersonic Body
Program. S-HABP, which British Aeraospace, PLC, was evaluating as part of their efforts in the design
of hypersonic vehicles.  This program has n very complex structure which includes a large variety of
aerodynamie prediction methods for many different types of problems. The program also includes a
large data base, much of it derived from shuttle flights. The technique is a quasi-empirical one.
The operator picks the specific method that best approximates the available data. Solutions with
S 'HABP requires an examination of the various methods available and comparisons with the data bank.
British Acvospace found that user experience was needed for accuracy, and the data base limits going

outside of the tested ranges or configurations which are in the computer. This is, to the review
er's knowledge, the first time that the transferability of a major hypersonic code has been evalu-
ated.

PAPER 32, HODGES and WARD reviewed RAE's program in generationg a data base  for missile perfor
mance at high Mach numbers, and its use in ass.ssing CFD methods. Unfortunately, the present effort
is limited to the low Mach nmumber range, 2.5 to 4.5, because of the lack of adequate wind tunnels to
explore the higher Mach number range. The extensive experimental set 1s being compared to solutions
2t Buler codes using space marching techniques,  SWINT. The primary cmphasis is to supersonic
missile applications and extrapolation of these results into the hypersonic regime are not possible,
The experimental program is berng carrted out ina 3 ft. v 4 ft. continucus wind tunnel where an
extensive set  of bodies, controls, and wing combinations are being examined in a very methodical
framework.  There are problems concerning boundary layer transitioun which, in these tests, is fixed
at the nose of the body and at the leading edge of wings. Therefore, some question exists as to the
boundary layer conditions which are clearly turbulent in this Mach number range. Comparisons of the
results of the FBuler calculations and some of the experiments are presenied in detail. Quite
reasonable results are obtained in some regions, while significant differences are noted in other
regions, primarily where viscous effects become important.

PAPER 00 PERRIER and CAUPENNE  gave a review of the concept of the aerodynamics and thermo
dvoamies of Hermes, the French proposal for a vehicle to go into  orbit and  return. Comparison of
thee Shuttle  aond Hermes  flight programs  and general  characteristics were detailed.  The Hermes s
about half the size of the shuttle and is designed to land  in Europe. It, therefore, requires a
comewhit better 1D and bhetter handling  characteristics, in particular, a considerable lower
approach speed.  The small si1ze increases the heat transfer and stability problems. The authors
outlined o series of wind tunnel tests which are being considered, including cryogenically cuoled
models to simuliate wall cooling effects. They discussed the “modelization” using CFD which they
believe was reqaired to o reduce the risk of  poor pre flight  prediction and to reduce the cost of
destgn.  They also presented the methadology of the development which included two flight demonstra-
tors and a proposed  flight of Hermes in 1992, The authors stressed the research aund technology
needs and asked the group to consider a workshop near  the end  of 1988, sponsored by ESA.  Eight
topres we o suggesterld as important elements:

1 Comparison of experiment ta experiment, CFD to oxperiment, and CFD to CFD by
other techniques,

20 Tow Reyvnolds number and rarefield flows, which was the responsibility of ONRS,

1 Real gas offects which would be studied by the Australians,

¥ Boundary layer shock wave interactions would be the responsibility of ONERA,

5 Corner flow problems to be studied by DFVLIR,

6 leeside Flows to be considered by FFA,

7* Chemistry to be carried out by ECD,

B Transttion to be the responsibility of ONERA.

PAPER 34. WAKE discussed the hypersonic aerodynamics for HOTOL, a British vehicle proposed to
fly into orbit and return. Comparison of the Shuttle and proposed HOTOI trajectories were dis
cussed, noting that the re-entry conlitions were the critical ones. The author discussed the
“infernal” triangle, which lTimited the range of possibilities for such a vehicle. The eclements are:
1" trim, 2) cross range requirements, and 3) heating limitations. The proposed HOTOL program is
currently in a two-year study phase which, if successful, will lead to a five year enabling tech-
nology program to optimize the design  for possible flight in  1998. The present concept uses a
unigne aitr breathing system (which was  not discussed)  for Mach number up to about 5, and then
converts to rocket propulsion. Wind *unnel tests of inlets are currently being carried out st abou
n Mach  namber of 4. The author  taid out  the acrodynamic  technology requirements  as they were
currently seen in both the continuum and rarefied flow regime, noting the regions which needed major
work for successful completion of the program.

General Comments on Session V - Part 2

Thee  papers  of this session began to discuss the real problems of the design of hypersonic
vehicles.  This requires a combination of aerodynamics, heat transfer, dynamics and control, and
propiulaion, The most  sophiscated codes of the researchers were no longer applicable, and the more
rasily used approximate methods, which had some validation in data sets, provided the realism needed
for design. Ground tests, flight tests, simulation, and computation are all used and even then, not
sufficient, well estahlished bases for design are really available. The discussion of real vehi-
les,  such  as HEWMES  and  HOTOL, clearly demonstrated the crucial engineering details which are
necded for the design of such vehicles,




4. REVIEWERS CONCLUSIONS

The Symposium on "Aerodynamic of Hypersonic Lifting Vehicles” provided many excellent papers,
although only a few were focussed on "Hypersonics" rather than "Supersoniecs”. This is probably a
very realistic view of the "state of the art" as of 1987. There were noticable gaps in the material

presented. Particularly important was the lack of high Mach number high enthalpy experimental
data, and hypersonic boundary layer studies. Both of these could be due to the lack of facilities,
operational in the hypersonic range, over the past decade. There was also a noticeable lack of

analytic papers, but a wealth of papers on computation. The major analytic studies of hypersonics
of the 1950’s and 1960°’s seem to be either unknown, or unused. They could be significant factors in
extrapolating the high supersonic area studies to hypersonic conditions.

With regards to the facilities, there was very little which seemed to be connected with the
problems of hypersonics, as we see them now, rather than attempts to resurrect facilities designed
thirty and forty years ago. Although many of these facilities would be useful for testing, there
are serious question as to whether the problems of hypersonics are the main drivers for new facil
ities and new concepts of experimental studies. An exception to this statement is the work of
STALKER in Australia. Clearly, facilities and the ability to get crucial data will be a major
limitation to future progress. The discussion of facilities seems to be primarily based on attempts
to get full duplication of hypersonic flight conditions. The reviewer suggests that a more useful,
and perhaps practical, effort would be to attempt to simulate key elements of hypersonics and try to
provide information on the fundamental physics, data for modelling and, most important, data for
computational validation. Many opportunities in this area are within reach.

The reviewer was concerned about the lack of emphasis on hypersonic boundary layer characteris
tics. There seemed to be little in  the way of fundamental work on boundarv lavers. Problems of
transition (initiation, characteristics, length), wall cooling effects, effects of gradients and
three dJdimensional flows, and the effects of chemistry on "aerodynamic™ boundary layer data and
calculations are important elements of hypersonic design. There are major questions on how the
experiments and  knowledge of  low speed and supersonic  boundary lavers can be extended to hyper
sonlvs. The problems of turbulence modelling, for both boundary layer and shear layers 'a key
element in mixing problems for cembustion) did not  seem to  get the attention which the reviewer
felt the area warranted. The problems of real gases, not only for calculations but to evaluate the
effects on the boundary layers, was attempted in only a few papers. This effect, and the problems
of low density, were only a small part of a present program and should command major attentior in
the near future.

Although there were several papers on ~onfigurctions, the real problem of hypersunic vehicle
design is the integration and 1nteraction of the power plant, heat transfer, aerodvnamics, stabi
lity and control, and materials and structures. These are oIl strongly interactive in hypersonic
vehicle design. A few of the papers began to  approach this problem, but only the real vehicle
designers are forced to face this total integration, a unique and very strong factor in the desipn
of hypersonic vehicle.

In retrospect, the reviewer believes the program might have been  helped with a significant
"tutorial”™ or "overview”" of hypersonics problems. Such an overview could have focussed the attention
on hypersonic problems, as compared to supersonic problems.  Some prospective of  the past, what is
known and what is unknown, would have been helpful. Several papers included some elements of such o
perspective, but a major introductory paper might have been of significant help to the diverse
groups at the meeting.

Clearly the topic of Hypersonic Aerodynuamics deserves continuing further attention by the AGARD
community since it will continue to be a topic of major concern to many nations. The sub ject
Symposium provided an excellent first step in what  the reviewer believes should be a continuing
series of meetings focussed on aspects of hypersonic flight.




s

10

APPENDIX A.  PROGRAM COMMITTEE

Prof. H. HORNUNG (Co-Chairman’
Director, SM-ES

DFVLR - SM ES

Runsenstrasse 20

D- 3400 Gottingen FRG

Current address:

Graduate Aeronautical laboratories
California Institute of Technoloegy
Firestone Flight Sciences Laboratory
Pasadena, CA 91125 USA

Dr. R. E. WHITEHEAD /'Co-Chairman:
Head, Mechanics Division

Code 1132

Office of Naval Research

800 N. Quincy Street

Arlington, VA 22217 'SA

Dr. J. A. ESSERS

Universite de Lirge

Institut de Mechanique

Service |’ Aerodynamique Appliquee
Rue Ernest Solvay

B 4000 Liege - BE

Dr. K. J. ORLIK-RUCKEMANN

National Acronautical Establishment
Nat:onal Research Council

Montreal Road

Ottawa, Ontario KIA JRE CA

Mr. J. VERRIERFE

CEAT

23 Avenue Guillaumet
31056 Toulouse Cedex - FR

Prof. Dr. L. G. NAPOLITANO
Chair of Aerodvnamics
Faculty of Engineering
University of Naples

P. Le Tecchio RO

80125 Napoly - IT

Dr. Tr. J. A. STEKETFF

Department of Aerospace Engineering
Delft University of Technology
Kluyverweg 1

2629 HS Delft NE

Prof. Dr. T. YTREHUS
Institute of Mechanics

The University «f Trondheim
N-7084 Trondheim - NTH - NO

Mr. P. R, BIGNFI]

British Aecvospace PLC
Dynamics Group, FPC 067

P. 0. Box &

Filton, Rristol BS12 7QW UK

Prof. E. RESHOTKO

Dept. of Mechanical & Aevospace
Engineering

Case Westegn Reserve University
10900 Fuclid Avenue

Cleveland - Ohio 11106 U'sA

Dr. G. K. RICHEY

Chief Scientist - Air Force Wright
Acronaut teal Laboratories FS
Wright Patterson AFR

Ohio 45433 - USA




APPENDIX B. LIST OF PAPERS

Session T - FACILITIES

1. C. E. Wittliff, "A Survey of Existing Hypersonic Ground Test Facilities - North America.”
2. J. F. Wendt, "European Hypersonic Wind Tunnels."

3. H. Consigny, C. Pacou, O. Papirnyk, and J. P. Chevalier, "Essais Probatoires d’un Generateur de
Plasma pour 1'Alimentation d’une Soufflerie Hypersonique."

1. K. J. Stalker, "Shock Tunnels for Real Gas Hypersonics.”
Session I1 - EXPERIMENTAL INVESTIGATIONS AND TECHNIQUES  PART !

5. F. K. Owen, "Turbulence Measurements in Hypersonic Flow."

6. D. Hummel, "Experimental Tnvestigations on Blunt Bodies and Corner Flow Configurations in
Hyvpersonic Flow."

~

D. S. Dolling and J. €. Narlo i1, "Driving Mechanism of Unsteady Separation Shock Motion 1n
Hypersonic Interactive Flow."

8, N. R. Fomison and J. '. Stallery, "The Effects of Sweep and Bluntness on a Glancing Shock Wave
Turbulent Boundary Laver Interaction.”

Session 1T EXPERIMENTAL INVESTIGATIONS AND TECHNIQUES  PART 2

a. 1. Jaeggy, A. Koeneke and G, Koerber, "Une Methode Cinematographique Ultra Rapide pour 1'Etad
des Sillages en Tunnel de Tir Hypersonique.”

10. T. J. Rhvs Jones, "The Dray of Slender Axaisymmett i Cones in Rarefied Hypersonte Flow. "

11. G. Koppenwallner, "Low Reviiolds Number Influence  on  Aerodvnamic Performance  of Hvpersoni.
[ fting Vehioles. ™

Session TIT - PROPULSION

12, P, 10 waltrup, "Hypersenio Arrbreathing Propuision: Fyvolutton and Opportunut ios.

13. D. G. FEdwards, R. M, Smith and W. D. Carnegie, "Computations of the Flow Field Inside Three
Dimensional Ducts Associated with Supersonic Hypersonic Air Breathing Propulsion Svstoms.”

4. K. (. Schadow, F. Gutmark and S. Kosiigoe, “Combustion Relatod Shear Flow Dyvnamics 1o Nop
Circular Supersonice Jets.”

15, A, Kumar, "Numerical Analvsis of Flow Through Scramjet Fngine Tnlets.”
Session IV - CFD  Part 1 - VISCOUS FLOWS

16. Y. Rizk, D. Chaussee and J. Steger, "Numerical Simulation of the Hypersonic Flow Around Lifting
Vehioles, ™

17. H. Rieger, “Solution of Some 3D Viscous and  Inviscid Supersonic Flow Problems by Finote
Volume Space Marching Schemes.”

18. B. Aupoix, €. Fldem and J. Cousteis, “Couche Iimite Laminaire Hypersonique, Ftude Parametsique
de la Representation des Effets de Gaz Reels.”

19. S. Riedelbaurh, W. Wetrel, W, Kordulla and H. Oertel Jr., "On the Numecical Solution of
Three-Dimensional Hypersonic Flow.”

20, Q. Ning and B. E. Richards, "Numerical Experiments with Hypersonic Flows Beneath a Cone-Delty
Wing Combination.”

Session IV - CFD - PART 2 - INVISCID FLOWS

21. R. T. Davis and F. G. BRlottner, "A Spatial Marching Technique for the Inviscid Blunt Body
Problem."

22, M. Pfitzner and C. Weiland, "3 D Euler Solutions for Hypersonic Free Stream Mach Numbers.™

23. R. Hillier, "Computation of Flow Past Conical Hypersonic Wings Using a Second-Order Godunov
Method.”

.

24. G. S. Deiwert, "Aerothermodynamics Research at NASA Ames.’
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Session V - VEHICLES/DESIGN - PART 1 - WAVE RIDERS & FLIGHT MECHANICS

25. U. Ganzer and J. Szodruch, "Vortex Formation Over Delta, Double-Delta and Wave Rider Configu-
rations at Supersonic Speeds.”




26, L. N. Long, "The Off-Design Performance of Hypersonic Wave Hiders.”

27, K. G. Bowcutt and J. D. Anderson Jr., "Numerical Optimization of Conical Flow Waveriders
Including Detailed Viscous Effects.™

28. R. A. Fast and G. R. Hutt, "Hypersonie Static and Dynamic Stability of Axisymmetric  Shapes A
Comparison of Prediction Methods and Experiment.™

29, W. H. Hui and H. J. Van Roessel, "Newton-Busemann Theory of Dynamics Stability of Hypersonic
Conical Lifting V=hicles.”

Session V - VEHICLES/DESIGN - PART 2

30. A. C. Draper and M. L. Buck, "lifting Bodies - An Attractive Aerodynuamic Configuration Choice
for Hypervelocity Vehicles.”

31. €. M. E. Fisher, "Experiences Using the Mark [V Supersonic Hypersonic Arbitrary Body Pro
gramme, "

32. J. Hodges and L. . Ward, "The RAE Experimental Data Base for Missiles at High Mach Number and
Its Use in Assessing CFD Methods.”

33. P. Perrier and P. Caupenne, "Concepts Generaus Aerodvinamiques Acrothermiques d'HERMES . "

34. A, J. Wake, "Hypersonic Aerodyramics-Applications for HOTOL."
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